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Abstract Titanium dioxide nanotube arrays (TNAs)
were fabricated via anodic ionization. Porous MoO3 was
grafted on TNAs with the help of hydrothermal method.
Scanning electron microscopy and X-ray powder diffrac-
tion was utilized for the confirmation of one dimensional
morphology and phase identification. The porous MoO3
nanoflake-grafted TNAs (MoO3/TNAs) electrode was
used as anode material in lithium ion battery (LIB) and it
was found that the areal specific capacity of MoO3/TNAs
(*797 lAh cm-2) was three times higher than those of
anatase TNAs (*287 lAh cm-2) and porous MoO3
(*234 lAh cm-2) at 50 lA cm-2.
Keywords Molybdenum oxide  Titanium dioxide
nanotube arrays (TNAs)  Anode  Lithium-ion batteries
(LIBs)
Introduction
Lithium ion battery (LIB) is one of the most reliable power
sources for portable electronic devices. The improved
performance of microbatteries is highly necessary for
modern microelectronic devices such as PC memory,
microelectromechanical systems (MEMS), medical
implants, hearing aids, ‘‘smart’’ cards, RF-ID tags, remote
sensors and energy harvesters, etc. (Kyeremateng 2014;
Matiko et al. 2014; Patil et al. 2008; Pikul et al. 2013). The
requirement of high-performance LIBs encourages scien-
tists to develop new anode materials with capacity higher
than graphite (Reddy et al. 2013; Wu et al. 2012a; Wu and
Hong 2014; Xiong et al. 2014). TiO2 is a promising
material for lithium storage due to its low volume expan-
sion, environmental benignity and widespread availability.
Amongst the various nanostructures of TiO2 (Armstrong
et al. 2006; Cao et al. 2010; Liu et al. 2012; Qiu et al. 2010;
Ren et al. 2012; Wang et al. 2011), titanium dioxide nan-
otube arrays (TNAs) (Guo et al. 2012) are favorable due to
their high specific surface area, high porosity, vertical
orientation which accommodate volume expansion and
also provide short lithium ion diffusion path (Wu et al.
2012b). However, the areal specific capacity, even for the
optimized TNAs, is found to be low (Tauseef Anwar et al.
2015). Three different methods have been proposed to
enhance the specific capacity: (1) doping TNAs with metal
or nonmetal elements (Kyeremateng et al. 2013b; Liu et al.
2008, 2009); (2) coating TNAs with conductive reagents
(Guan and Wang 2013; Kim et al. 2010; Zhang et al. 2009);
(3) modify TNAs with oxide materials that have larger
capacities [SnO2 (Meng et al. 2013), Co3O4 (Fan et al.
2013; Kyeremateng et al. 2013a), Nb2O5 (Yang et al. 2013)
and Fe2O3 (Yu et al. 2013)] to yield hybrid or composite
structures.
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MoO3 is an anode material candidate due to its high
theoretical capacity (1117 mAh g-1). The orthorhombic
phase layered structure of a-MoO3 hosts Li
? by insertion
and deinsertion reaction. However, the electrochemical
properties of TNAs could be further enhanced with the
extra porous hybrid material such as MoO3 (Fan et al.
2013; Guan et al. 2014a, b; Kyeremateng et al. 2013a;
Meng et al. 2013; Wang et al. 2013; Xue et al. 2011; Zhu
et al. 2015). Considering low electronic conductivity and
high volume expansion, Yu et al. (2014) synthesized por-
ous MoO3 thin films and elucidated better performance as
compared to bulk MoO3. Zhao et al. (2013) synthesized
porous MoO3 thin films via electro-deposition which
exhibit a high capacity of 650 mAh g-1 at high current
density of 3 A g-1. Yu et al. synthesized porous MoO3
nanosheets by hydrothermal method at Ti substrate and the
nanosheets showed specific capacity of 750 mAh g-1 at
1C-rate. There are rare reports on the MoO3/TNAs as
anode material in LIBs. However, different fabrication of
coating MoO3 on TNAs led difference in their electro-
chemical properties. The hydrothermal synthesis for the
grafting of MoO3 nanoflakes at TNAs was used first time.
The fabrication method and porosity would play important
role for future electrochemical properties of material.
Herein, TNAs were grown at Ti substrate and consec-
utive annealing transforms TNAs in anatase phase. The
porous MoO3 were grafted using a facile hydrothermal
method which facilitate high yield product (Fig. 1) (Fan
et al. 2015a, b; Gong et al. 2015). The grafting of porous
MoO3 nanoflakes at TNAs was controlled via hydrothermal
reaction time. The electrochemical properties were opti-
mized by controlling thickness of MoO3 with hydrothermal
duration. There are several benefits of utilizing MoO3/
TNAs as electrode in LIBs. Firstly, TiO2 with zero strain
(ca. 4 % volume change after lithiation) is an ideal material
to optimize cycle stability and rate performance. Secondly,
the nanosize and intrinsic characteristics of porous MoO3
will provide both reversible large capacity and good elec-
trical conductivity. Thirdly, the specific architectural fea-
ture of binder-free single-crystalline TiO2 nanotube array
will simplify the electrode fabrication process. Fourthly,
TiO2 nanotube array provides direct electron transport
pathway between active material and current collector and
also facilitate uniform deposition of porous MoO3 with
large areal mass loading. In contrast to the advantages, there
are disadvantages as well, firstly, to get synergic capacity of
both anatase TNAs and porous MoO3 the potential window
must be higher (0.005–3 V). Secondly, the solid electrolyte




Prior to anodic oxidation, titanium foil (0.125-mm-thick
foil, 99.7 % purity, Sigma Aldrich) was degreased by
Fig. 1 Schematic illustration of
the formation of MoO3/TNAs
composite: (I) Ti substrate; (II)
formation of TNAs on Ti
substrate; (III) grafting MoS2 on
TNAs via hydrothermal reaction
(IV) formation of MoO3/TNAs
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sonication in acetone, ethanol and deionized water in turn,
then dried in air. The electrochemical cell for anodization
was a two-electrode cell, consisting of Ti foil as working
electrode and platinum foil as counter electrode. Electro-
chemical anodization experiments were conducted at a
constant potential with a DC power supply (DH1722A-2
110V/3A). The electrolyte was 0.3 wt% NH4F and 2 vol.%
water in ethylene glycol (99.8 %, anhydrous). All the tests
were performed at room temperature. The TNAs were
synthesized at the voltage of 50 V for 2 h. The as-prepared
TNAs were annealed at 450 C to transform its phase.
The porous MoO3 were deposited by hydrothermal
method reported elsewhere (Yu et al. 2014). The TNAs
containing Ti substrate was placed against the wall of
Teflon liner with interested surface downwards. The pre-
pared 30 mL solution of (NH4)6Mo7O244H2O (1 mmol)
and thiourea (0.484 g) was transferred gently in Teflon-
lined stainless steel autoclaves. Hereafter, the autoclave
was sealed and maintained at 180 C for different reaction
time (2, 4, 6, 8, 10 h) and cooled down to room tempera-
ture spontaneously. The samples were collected and rinsed
with distilled water for several times to remove the residual
reactant and dried in vacuum oven at 80 C for 30 min.
Now MoS2-deposited TNAs were obtained and annealed at
400 C for 2 h to convert MoS2 into MoO3. For compar-
ison, porous MoO3 were grown in the similar way at tita-
nium substrate.
Characterization
The surface and cross-sectional morphologies of the TNAs
and MoO3/TNAs were characterized using field emission
scanning electron microscopy (FE-SEM LEO 1530). The
phase structure of the TNAs, porous MoO3 and MoO3/
TNAs were characterized by X-ray powder diffraction
(XRD). The Cu Ka radiation (k = 0.15 nm) were used for
XRD analysis. The electrochemical kinetics were studied
by cyclic voltammetry (CV) test measured at a scan rate of
5 mV s-1 at a potential between 0 and 3 V.
Electrochemical characterization
The lithium storage performances of electrode were eval-
uated using Li| MoO3/TNAs half-cells. The cells were 2032
coin cell and assembled in an argon-filled glove box. The
cathode was MoO3/TNAs without additives, the anode was
lithium foil, and the separator is celgard 2300. The elec-
trolyte is 1 M LiPF6 dissolved in the mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) with vol-
ume ratio of 1:1. The cells were galvanostatically charged
and discharged between 0.005 and 3 V (vs. Li/Li?) at the
current of 0.01 mA for the initial two cycles and then at
0.05 mA for the following cycles. The electrodes for
comparison were configured and analyzed at same
parameters.
Results and discussion
The synthesis process of porous MoO3/TNAs is schemat-
ically illustrated in Fig. 1. Well oriented TNAs are syn-
thesized at the nanostructured substrate via electrochemical
anodization of Ti foil at room temperature (Fig. 1 I and II).
MoS2 is coated on the top of these vertical TNAs via
hydrothermal reaction (Fig. 1 III) and oxygen annealing
converts MoS2 in MoO3 (Fig. 1 IV).
The annealed TNAs and MoO3/TNAs are characterized
by SEM, as shown in supporting information Fig. S1 and
S2, respectively. It is found that the TNAs were compact
and uniform, without secondary nanostructures on the top
or side surface (Fig. S1). The average inner diameter of the
TNAs is around 60 nm and the length was about 3–5 lm.
For MoO3/TNAs sample, MoO3 nanoflakes are grafted on
the top of TNAs and the thickness of MoO3 is controlled
via deposition time (Fig. S2). The MoO3 precipitate coat
the surface partially when hydrothermal reaction was
continued for 2 h (Fig. S2a) and the side of TNAs was
almost as neat as pristine TNAs (inset Fig. S2b). As the
hydrothermal duration increases to 4 h, both the top surface
and side surface of TNAs are fully covered with MoO3
nanoflakes and nanochannels were blocked (Fig. S2c, d).
The MoO3 nanoflakes with various lateral dimensions
ranging in nanometers are grafted on the top, inner and
outer surface of TNAs. The coating layer thickness
increased linearly as reaction time increased as shown in
Fig. S2. The TNAs might incorporate MoO3 for stacking
and control volumetric changes on lithiation. MoO3 nano-
flakes due to their 2D structure and high surface area can
facilitate the transport of ions/electrons thus improve the
response of system and recovery kinetics (Alsaif et al.
2014) (Fig. 2).
The a-MoO3 is an anode material candidate for LIBs
due to its stable layer structure which facilitates lithium
insertion. The XRD pattern of MoO3/TNAs indicates that
diffraction peaks could be indexed to titanium (JCPDS NO.
44-1294), tetragonal anatase TiO2 (JCPDS no. 21-1272)
and orthorhombic a-MoO3 (JCPDS no. 05-0508) (Fig. 2;
Fig. S4). In detail, the peaks at 35,38.4,40.1, 53,
62.9,70.6, 74.1, 76.2 and 77.4 represent Ti planes
(100), (002), (101), (102), (110), (103), (200), (112) and
(201), respectively. The peaks at 12.6, 23.3, 27.3 and
33.7, can be attributed to a-MoO3 (020), (110), (021), and
(111) planes, respectively. The peaks at 25.0 and 47.9
can be attributed to (101) and (200) planes of anatase-TiO2.
The MoO3 peak (040) at 25.7 overlaps with TiO2 in
composite. The anatase TiO2 peaks could be observed in
Appl Nanosci (2016) 6:1149–1157 1151
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only MoO3/TNAs composite and porous MoO3 did not
show any anatase TiO2 peak. The XRD of MoO3/TNAs
with standard data is shown in Fig. S4. These results sug-
gest that adopted synthesis strategy successfully covers
anatase TNAs with a-MoO3 having good crystallinity
without introducing other impurity phases.
The TNAs with fully covered surface may hinder Li?
ion and electron recombination due to slow movement of
electrons from oxide material which have low conductivity.
As the thickness of coated oxide material increases, the
movement of electron is hindered and reduces lithium
intercalation. The electrochemical properties of MoO3/
TNAs synthesized for different times of 2–10 h were
elucidated in Fig. 3. As the deposited layer of nanoflakes
thickens with increasing reaction time so capacity decrea-
ses, consistent with literature (Guan et al. 2014a; Zhu et al.
2015). The Li insertion and extraction plateau can be
observed till 6 h time duration which indicates incorpora-
tion of TNAs, but length of plateau decreases with increase
in time. The plateau for 8 and 10 h fully disappeared
indicating that incorporation of anatase TNAs diminished
after long time duration which is attributed to thickness of
MoO3 which might hinder electronic and ionic
recombination.
To optimize the highest capacity, the hydrothermal
reaction is conducted for 3 h (Fig. 4a, b).The top surface of
TNAs was partially covered with MoO3 and upper orifices
remain uncovered not to block nanochannels which facil-
itate Li ions transportation to the inner wall of nanotubes
(Fig. 4a). The lateral sides of TNAs were grafted with
MoO3 (Fig. 4b). A suitable amount of MoO3 deposition on
top of TNAs is required for the best performance as anode
material.
Anatase TiO2 has a tetragonal structure (space group
I41/amd), in which a Ti4? ion is surrounded by a distorted
oxygen octahedron while numerous vacant octahedral and
tetrahedral sites exist between these octahedrons. Li ions
are accommodated in these vacant sites. Two voltage pla-
teaus appear near 1.7 and 1.9 V (vs. Li/Li?) in the curves
of the anatase TNAs and MoO3/TNAs anodes, which
demonstrate that TNAs are also contributing in MoO3/
TNAs while they are totally different from porous MoO3.
The one at 1.7 V (vs. Li/Li?) in the negative scan corre-
sponds to Li-ion insertion into TiO2, while the other in the
positive scan accords with Li-ion desertion. The total
reaction for Li-ion insertion/extraction is described by
(Guan et al. 2014a, b):
TiO2 þ xLiþ þ xe $ LixTiO2 ð1Þ
Here, x could be up to 0.5, corresponding to a capacity of
168 mAh g-1.
a-MoO3 has an orthorhombic structure containing dis-
torted MoO6 octahedral. They share edges and form chains
that are cross-linked through oxygen atoms to yield layers.
The Li ions were accommodated in the interlayer space
between these layers. Most of Li ions move easily, which is
the cause of excellent reversibility. The total reaction for
Li-ion insertion and extraction is described by (Guan et al.
2014a, b):
MoO3 þ xLiþ þ xe $ LixMoO3 ð2Þ
It is known that the electrochemical properties not only
depends on surface properties and crystallinity, but also
depends upon the texture (Fan et al. 2013). The nano-
hybrid materials reduce Li ion diffusion path enabling
electrolyte ions to be transported smoothly and pores
Fig. 2 XRD patterns of (a) porous MoO3 (b) MoO3/TNAs composite
Fig. 3 The 3rd charge and discharge curves of MoO3/TNAs synthe-
sized for 2, 4, 6, 8 and 10 h at current density of 50 lA cm-2 at a
potential of 0.005–3 V
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provide large specific surface area which strongly suggests
its potential applicability as an electrode material for LIBs
(Moriguchi et al. 2006). The Li-ion intercalation behaviors
of anatase TNAs, porous MoO3 and MoO3/TiO2 are
compared to study the effect of MoO3 according to their
electrochemical properties (Fig. 5).
The reaction kinetics is studied with the help of CV
measured at a scan rate of 5 mV s-1 at 0–3 V, as shown in
Fig. 5a–c. The cathodic peaks are observed at 0.6 and
1.45 V for the anatase TNAs, while 1.94 V for porous
MoO3 (Li et al. 2006; Ryu et al. 2012). The cathodic peaks
for MoO3/TNAs are observed at 0.66 V corresponding to
the reduction of electrolyte solution and formation of solid
electrolyte interface (SEI) layer on the surface of working
electrode. The anodic peaks observed for anatase TNAs at
2.37 V, for porous MoO3 at 1.52 V while for MoO3/TNAs
at 2.34 and 1.51 V were due to the delithiation from oxides
(Li et al. 2006; Ryu et al. 2012).
The charge/discharge curves for the third cycle at cur-
rent density of 50 lA cm-2 at potential window of 0.005–
3 V are shown in Fig. 5d. The first two charge/discharge
cycles are measured at the current density of 10 lA cm-2
to stabilize the charge and discharge. The third cycle dis-
charge capacity is 287, 234 and 797 lAh cm-2 for anatase
TNAs, porous MoO3 and MoO3/TNAs, respectively. The
areal specific capacity for MoO3/TNAs is three times
higher than those of anatase TNAs and porous MoO3. The
electrochemical properties improve due to the combination
of MoO3 with high specific capacity and ordered TNAs
with large surface area for efficient deposition and fast Li-
ion kinetics. The anatase TiO2 incorporating MoO3 also
helps to enhance capacity. A larger irreversible capacity is
observed due to formation of SEI layer. The areal capacity
increases when potential drops below 1.0 V. The slope
below 0.7 V suggests Li ions intercalate into porous MoO3
and MoO3/TiO2 according to following reaction (Guan
et al. 2014a, b):
yLixMoO3 þ ð6 xÞyLiþ þ ð6 xÞye $ yMoþ 3yLi2O
ð3Þ
Li ions insert into anatase TNAs or react with electrolyte
as potential drops below 0.5 V. The lithiation in MoO3/
TNAs appears in a different way. At lower voltage regions
Li ions react with the solid solution (LixMoO3) to form Mo
metal and Li2O oxides which are irreversible, but the nano-
textured synthesis induces a reversible reaction of Li2O
during charging (Guan et al. 2014a, b).
Stable cyclic performance of electrode materials is
important for practical application of lithium-ion batteries.
Figure 6a depicts the cyclic performance and efficiency of
anatase TNAs, porous MoO3 and MoO3/TNAs. The initial
two cycles are charged/discharged at the current density of
10 lA cm-2 to stabilize the surface reactions and next
charged/discharged cycles are at 50 lA cm-2. The cyclic
performance of anatase TNAs and porous MoO3 are
approximately similar and stable after few cycles. The
composite electrode shows considerably enhanced charge/
discharge capacity with respect to anatase TNAs and por-
ous MoO3 electrodes during all the 50 cycles. The MoO3/
TNAs nanostructure electrode exhibits a discharge capacity
of 797 lAh cm-2 for third cycle and is stable after 25th
cycle till 50th cycle (226 lAh cm-2), which is much higher
than those of the anatase TNAs, porous MoO3 electrodes
(84 and 129 lAh cm-2 for 50th cycles, respectively). The
high capacity fading in initial cycles of MoO3/TNAs might
be attributed to the formation of SEI layer and conversion
of Li2O oxides. The efficiency of all samples is 100 %
(Fig. 6a).
The rate performance of the three samples is measured
with different current densities (50, 100, 150, 200, 250 and
again 50 lA cm-2). The rate capability of MoO3/TNAs is
the highest compared to anatase TNAs and porous MoO3.
After the current density switched back to 50 lA cm-2, the
capacity for MoO3/TNAs is higher enough and more
Fig. 4 MoO3/TNAs for the time duration of 3 h: a top surface of TNAs, b lateral side of TNAs
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stable. These results reveal that the incorporation of ana-
tase TiO2 into MoO3 nanostructures can greatly enhance
the electrochemical performance for lithium storage.
The MoO3/TNAs may be used as anode material in LIBs
for achieving high capacity. However, thickness of grafted
MoO3 could be changed for achieving optimal results.
Previously reported results and our present results are
summarized in Table 1. Firstly, there are rare reports about
MoO3-grafted TNAs as anode material. The length of
TNAs may play their role and specific capacity enhanced
from 154.9 to 1340 lAh cm-2 for 1.6 and 9 lm, MoO3-
grafted TNAs, respectively. Although, specific capacity has
been increased a lot, our results showed that MoO3-grafted
TNAs of small length (3 lm) exhibited higher specific
capacity (797 lAh cm-2) as compared to reported litera-
ture. It might be due to the fabrication process, synergetic
effect of MoO3-grafted TNAs and porous nature of MoO3.
The hydrothermal method is a wet method which may be
helpful for covering all the voids of TNAs. Therefore,
MoO3 may fill TNAs which results in the present electro-
chemical properties. The lithium ion inserted in MoO3 first
and combination of MoO3 with TNAs enhanced the lithium
insertion/deinsertion, which results in higher capacity than
anatase TNAs. The thickness of MoO3 can be varied via
fabrication method which brings exciting controllable
performance of LIBs.
Fig. 5 Cyclic voltammetry curves of the anatase TNAs (a), porous MoO3 (b) and MoO3/TNAs (c), (d) the 3rd charge and discharge curve of
anatase TNAs, porous MoO3 and MoO3/TNAs at current density of 50 lA cm
-2 at a potential of 0.005–3 V
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Conclusion
TNAs were grown via anodic oxidation method and MoO3
nanoflakes were grafted at TNAs via hydrothermal method
for the first time. The optimal electrochemical properties of
MoO3/TNAs were obtained for 3 h deposition of MoO3
nanoflakes. The specific capacity (*797 lAh cm-2) of
MoO3/TNAs was three times higher than anatase TNAs
(*287 lAh cm-2) and porous MoO3 (*234 lAh cm
-2).
The rate performance and efficiency of LIB (in which
MoO3/TNAs used as anode material) were also enhanced.
The anatase TiO2 incorporates MoO3 nanostructures and
enhances the electrochemical performance, hence MoO3/
TNAs electrode might be a useful anode material for
lithium ion micro-batteries. The carbon-free conducting
nanocoated electrodes will be able to open new opportu-
nities in the development of high-performance next-gen-
eration lithium-ion micro-batteries.
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